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Abstract
In this work, we report the magnetocaloric properties of a hexagonal intermetallic compound
Pr2Ni0.95Si2.95 that exhibits spin cluster glass behaviour below 3.3 K. At lower temperature,
the compound undergoes magnetic field induced metamagnetic transition beyond 5 kOe
applied field value as inferred from the temperature dependence of magnetization at various
fields as well as isothermal magnetization measurements. The temperature dependence of
magnetic entropy (−∆SM) change has been calculated from the magnetization data and the
maximum value is found to be 7.9 J/kg-K for a magnetic field change of 70 kOe. Interestingly,
although the compound does not undergo any long range magnetic ordering, it exhibits
considerable magnetocaloric effect in a temperature region much above the spin freezing
due to the presence of short range magnetic correlation that persists up to much higher
temperature. The suppression of short range interaction with the application of magnetic
field has been argued to be responsible for such magnetic entropy change and adiabatic
temperature change over a large temperature scale.
Keywords: Intermetallics, Rare-earth compounds, X-ray diffraction, Magentization,
Magnetic entropy change, Magnetocaloric effect
1. Introduction
Magnetocaloric effect (MCE) based solid
state refrigeration technique has been an
exciting and active research field during
the last decades in search for environment-
friendly and cost effective replacement of
gas refrigeration[1, 2, 3, 4, 5, 6]. MCE





temperature on the application of exter-
nal magnetic field under adiabatic condition
and generally quantified by isothermal en-
tropy change (∆SM) and adiabatic temper-
ature change (∆Tad) of the material. De-
velopment in this research field relies on
the finding of new materials that are po-
tential candidates to be used as magnetic
refrigerant. Some ferromagnetic and anti-
ferromagnetic materials have already been
reported to achieve ultralow temperatures
with considerable relative cooling power
(RCP) in research laboratory and are ex-
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pected to make an impact in relevant in-
dustry also[7, 8, 9, 10]. Among the dif-
ferent kinds of good magnetic refrigerant
materials, rare-earth based magnetic sys-
tems are one of the promising set of can-
didates due to their large magnetocaloric
properties arising from the localized 4f shell
electrons[11, 12, 13]. There are quite a
few number of such candidates with high
moment rare-earth ions as constituent ele-
ment. Although many compounds having
high moment rare-earth ions are generally
considered for their potentially good MCE
behaviour, there exists only a very few com-
pounds with low moment rare-earth ions.
Among different rare-earth based sys-
tems, R2TSi3-type of compounds, with R =
rare-earth ions, T = transition metals, are
one of those recently found to exhibit large
MCE[10, 14, 15, 16]. These systems have
generated great interest due to the inter-
play between crystal structure and ground
state physical properties. Previous studies
yield that most of the R2NiSi3-type of ma-
terials form in single phase only with defect
crystal structure and also exhibit consider-
able MCE[17, 18, 19, 20, 21]. The study
of MCE has also been used as an impor-
tant tool to understand complex magnetic
interaction in such systems[22]. Recently,
it is reported that the Pr-based analogue
forms in single phase with nominal compo-
sition Pr2Ni0.95Si2.95 (Fig. 1) and exhibits
spin freezing behaviour below 3.3 K (Tf) in
the absence of any true long range magnetic
ordering[23]. In this work, we report de-
tailed studies on magnetocaloric properties
of this cluster-glass material.
2. Experimental details
The polycrystalline Pr2Ni0.95Si2.95 was
synthesized by melting appropriate amount
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Figure 1: Full Rietveld refinement of room temper-
ature XRD data of Pr2Ni0.95Si2.95.
of Pr (metal ingot, phase purity 99.9%),
Ni (metal slug, phase purity 99.98%) and
Si (metal lump, phase purity 99.9999%) in
an arc furnace using a water-cooled copper
hearth under inert (Ar) atmosphere. The
sample was melted six times and after ev-
ery melting the ingot was flipped to en-
sure homogeneity. The structural charac-
terization was performed by Rietveld anal-
ysis of the powder x-ray diffraction (XRD)
data taken on a TTRAX-III difractometer
(M/s Rigaku, Japan) using Cu-Kα radia-
tion. FULLPROF software package[24] was
used to analyse the XRD data. The mag-
netic measurements were carried out in a
superconducting quantum interference de-
vice (SQUID) (M/s Quantum Design Inc.,
USA) in the temperature range 2-300 K and
magnetic fields up to 70 kOe. The heat
capacity data were collected in a commer-
cial Physical Properties Measurement Sys-
tem (PPMS) (M/s Quantum Design Inc.,
USA).
2
3. Results and Discussions
Our attempt to synthesize stoichiometric
Pr2NiSi3 resulted the formation of an addi-
tional secondary phase PrNiSi2, as reported
earlier[23]. The presence of such secondary
phase has earlier been reported in many
members of R2NiSi3 series of materials[17,
18, 19, 20, 25, 26], except for R = Gd &
Er[10]. The single phase compound can
however be synthesized by deliberately in-
troducing elemental vacancies of appropri-
ate proportion in Pr2Ni0.95Si2.95, although
a trace of unreacted elemental Pr could
still be found in the XRD pattern at 2θ
∼ 29.9◦ (Fig. 1). The room temperature
XRD pattern of Pr2Ni0.95Si2.95 along with
full Rietveld refinement is shown in Fig. 1.
The lattice parameters of the essentially sin-
gle phase compound, as estimated from the
XRD data taken at room temperature, are
found to be are a = 4.032(1)Å and c =
4.247(1)Å (space group P6/mmm). The en-
ergy dispersive X-ray spectroscopy (EDX)
analysis indicates the average composition
to be Pr2Ni0.89Si2.99[23].
The temperature dependence of magne-
tization at different applied magnetic fields
for Pr2Ni0.95Si2.95 are shown in Fig. 2(a). As
seen from the figure, the magnetic transi-
tion peak is not as sharp as generally ex-
pected for long range antiferromagnetic or-
der, but spread over a finite temperature re-
gion. Such cusp in the dc magnetic suscep-
tibility data along with the thermomagnetic
irreversibility in zero-field-cooled (ZFC) and
field-cooled (FC) magnetization behaviour
hint towards a metastable state formation
in the system. The ac susceptibility data
confirms the appearance of cluster glass
state below 3.3 K in Pr2Ni0.95Si2.95 [23].
Though a spin freezing cusp appears in the
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Figure 2: (a) M(T) at different applied magnetic
fields under ZFC and FC conditions. (b) Tempera-
ture derivative of ZFC magnetization as a function
of temperature for different H.
field value, the peak smears out for mag-
netic field beyond 5 kOe. This behaviour is
better reflected in the temperature deriva-
tive of magnetization behaviour for differ-
ent magnetic fields as shown in Fig. 2(b).
The dM/dt behaviour for H < 5 kOe shows
a crossover from positive to negative value.
However for H ≥ 5 kOe, the dM/dT be-
haviour only exhibits a dip in the temper-
ature axis similar to that found in a fer-
romagnetic system. The irreversibility be-
tween ZFC and FC magnetization which is
generally considered to be a key signature
spin freezing ground state[27], is also van-
ished for H ≥ 1 kOe. These results clearly
demonstrate that the ground state spin con-
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figuration tends to polarize in the magnetic
field direction resulting a net ferromagnetic
component in the system for magnetic field
strength beyond 5 kOe.
To reveal the field evolution of the spin
arrangements further, the isothermal mag-
netization measurements have been carried
out at different temperatures and illustrated
in Fig. 3(a). The M(H) behaviour at lowest
temperature (2 K) is linear in low magnetic
field region, while a tendency towards satu-
ration is exhibited at higher field indicating
a metamagnetic like transition. However,
the magnetic moment value at 2 K for 70
kOe applied magnetic field strength found
to be only 1.55 µB which is much lower than
the theoretical saturation moment value for
Pr3+ ion (3.2 µB). No magnetic hysteresis is
observed down to the lowest measured tem-
perature. The exact strength of the mag-
netic field responsible for the metamagnetic
transition in this system is determined from
the dM/dH curve and found to be 5 kOe at 2
K (Inset: Fig. 3(a)). As seen from Fig. 3(a),
the linear M(H) behaviour is only observed
for temperatures higher than 25 K. As re-
ported earlier, this is due to the presence of
short range magnetic correlations persisting
up to such higher temperature[23].
In a magnetic system, Arrott plots (M2
vs. H/M) are generally used to deter-
mine the phase transitions temperature and
the nature of long range magnetic phase
transition. According to the Banerjee
criterion[28], a positive slope is obtained
for a second order phase transition, while a
first order phase transition is identified by a
negative slope of M2(H/M) curve. In clus-
ter glass system Pr2Ni0.95Si2.95, where the
quench disorder restricts the magnetic co-
herence length, it would not be wise to de-
termine the order of transition from such
analysis. However, from the M2(H/M) be-
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Figure 3: (a) M(H) at different temperatures. Inset
shows dM/dH for T = 2 K. (b) Arrott plots (M2 vs.
H/M) at different temperatures of Pr2Ni0.95Si2.95.
(c) M(H) at different temperatures for magnetic
field change 0 → 70 kOe.
haviour, it is established that no signature
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of spontaneous magnetization could be ob-
served in the system (Fig. 3(b)). Instead,
the intercept on the M2 axis obtained by
extrapolation from the high field region con-
firms the presence of a metamagnetic tran-
sition at low temperatures. As the magneti-
cally frustrated spin freezing states are asso-
ciated with large degeneracy, such magnetic
field induced polarization is expected to re-
lease a considerable amount of magnetic en-
tropy. This encourages us to study the mag-
netocaloric properties of Pr2Ni0.95Si2.95 by
calculating the magnetic entropy changes
of the compound for different applied mag-
netic fields.
The isothermal magnetic entropy changes
(∆SM) for Pr2Ni0.95Si2.95 were calculated
from a set of magnetic isotherms shown in
Fig. 3(c) within temperature range 2 K to










Fig. 4(a) depicts the temperature depen-
dence of −∆SM of the compound for differ-
ent magnetic field changes. The maximum
value of magnetic entropy change (−∆SmaxM )
is found to be 7.9 J/kg-K for a field change
of 70 kOe. This moderate value is com-
parable to that reported for both low and
high moment rare-earth based good mag-
netocaloric materials in the cryogenic tem-
perature region, viz., Gd2Co3Al9(−∆SmaxM
= 6.63 J/kg-K for ∆H = 70 kOe)[12],
PrNi (−∆SmaxM = 6.1 J/kg-K for ∆H = 50
kOe)[29], Pr2CuSi3(−∆SmaxM = 7.6 J/kg-K
for ∆H = 50 kOe)[16], Er3Pd2(−∆SmaxM =
8.9 J/kg-K for ∆H = 50 kOe)[30], etc. It
may be pointed out here that the maximum
value of magnetic entropy change for this
compound is achieved at a temperature re-
gion higher than the spin freezing temper-






















































Figure 4: (a) Isothermal magnetic entropy change
(−∆SM) as a function of temperature for different
magnetic fields. (b) −∆SM(H) along with H2 de-
pendence for some selected temperatures. (c) RCP
as a function of H.
ature where short range magnetic correla-
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tion dominates. One may also note that
−∆SmaxM (H) does not show any saturation
tendency, but keeps on increasing monoton-
ically up to the highest applied magnetic
field strength of 70 kOe. It may be due
to fact that a much higher magnetic field
is required to melt the spin freezed state
and to polarize fully in the magnetic field
direction. The −∆SM(T) behaviour is not
found to be symmetric around the maxi-
mum position. Such type of asymmetric
spread of −∆SM(T) curve is previously re-
ported for materials having spin fluctuation
up to much higher temperature than the
phase transition temperature[10, 31, 32, 33].
It is well-established that, −∆SM follows
a CmH
2/2T 2 like behaviour in the param-
agnetic region, with Cm the molar Curie
constant. Fig. 4(b) shows the experimen-
tally estimated −∆SM(H) behaviour for
Pr2Ni0.95Si2.95 at some selected tempera-
tures along with the theoretically calcu-
lated H2 dependence. As seen from the
figure, the behaviour of −∆SM(H) signif-
icantly deviates from the H2 dependence
for 9.5 K, 15 K and 22 K, which are well
above the freezing temperature in this com-
pound. The fit to H2 dependence improves
significantly for T ≥ 30 K. This result is
in accordance with the magnetic suscepti-
bility data that reveals that true paramag-
netic behaviour in this compound is only
recovered above 30 K[23]. Thus, the short-
range correlation that dominates up to tem-
peratures well above Tf results in a large
magnetic entropy change under application
of an external magnetic field at such inter-
mediate temperatures. Due to this asym-
metric broadening of −∆SM(T), the rela-
tive cooling power (RCP), defined as RCP =
−∆SmaxM × δTFWHM , where δTFWHM is the
full width at half maximum of −∆SM(T)
curve, is also found to be considerable. RCP





























Figure 5: Temperature dependence of adiabatic
temperature change (∆Tad) for different magnetic
fields. Inset shows low temperature region of zero
field heat capacity data for Pr2Ni0.95Si2.95.
is another significant parameter that quan-
tifies in a magnetic material the amount of
heat transfer between the hot and cold sinks
in an ideal refrigeration cycle. The maxi-
mum value of RCP is estimated in this case
to be 146 J/kg for 70 kOe magnetic field
change that is in the same range to that re-
ported for Gd2Co3Al9 (201 J/kg-K for ∆H
= 70 kOe)[12], ErNi2B2C (155 J/kg-K for
∆H = 50 kOe)[34], Tm2Cu2Cd (165 J/kg-
K for ∆H = 70 kOe)[35], etc for cryogenic
temperatures.
The adiabatic temperature change
(∆Tad), another important parameter to
describe the performance of a good magne-
tocaloric material, has been estimated using
−∆SM(T) and zero-field heat capacity data
(Inset: Fig. 5) using the relation,
∆Tad = [T (S,H)− T (S, 0)]S (2)
The temperature dependence of ∆Tad for
different magnetic fields is shown in Fig. 5.
The maximum value of ∆Tad has been
found to be 3.85 K for 70 kOe magnetic field
6
change and in the same range to that for
Pr5Ni1.9Si3 (3.4 K for ∆H = 75 kOe)[29],
EuAuZn (3.8 K for ∆H = 50 kOe)[36],
Ho4PtMg (5.3 K for ∆H = 70 kOe)[37],
NdRu2Ge2(2.7 K for ∆H = 50 kOe)[38],
etc in the low temperature region. Simi-
lar to −∆SM(T), the behaviour of ∆Tad(T)
is also asymmetric over the maximum value
and the maximum change is also observed
at much higher temperature than the spin
freezing temperature for the compound.
Thus, we have shown that the presence of
short range correlation above the spin freez-
ing temperature results in a considerable
magnetocaloric effect in Pr2Ni0.95Si2.95.
3.1. Summary
In summary, we have studied the
magnetocaloric properties of the mag-
netically frustrated cluster glass material
Pr2Ni0.95Si2.95. The ground state of the ma-
terial found to be quite fragile and under-
goes a metamagnetic transition at magnetic
fields above 5kOe at 2K. This results in
large magnetic entropy change (−∆SM) of
7.9 J/kg-K, adiabatic temperature change
(∆Tad) of 3.85 K along with RCP value of
146 J/kg for a field change of 70 kOe. The
short range magnetic correlation spread
over a much higher temperature region than
the spin freezing temperature is respon-
sible for the achievement of considerable
−∆SM and ∆Tad values with asymmet-
ric temperature dependencies. This is one
of those few rare-earth based compounds
that exhibit considerable magnetocaloric ef-
fect despite having low moment rare-earth
ion. We believe that these results establish
Pr2Ni0.95Si2.95 to be an interesting magnetic
material not only for its possible technolog-
ical application but for fundamental under-
standing as well.
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